ABSTRACT The objective of this study was to investigate the effect of dietary supplementation with 5-aminolevulinic acid (5-ALA) on the immune system, inflammatory response, and growth performance of broiler chickens. The levels of cluster of differentiation 3 (CD3) mRNA in the spleens of chickens gradually increased with dietary 5-ALA concentration, while the expression levels of interleukin (IL)-2 decreased. Mitogen-induced proliferation of splenic mononuclear cells and blood mononuclear cell phagocytosis in chickens fed 0.001 and 0.01% 5-ALA-supplemented diets were significantly greater than in chickens fed a basal diet (control). Plasma thiobarbituric acid reactive substance (TBARS) concentration gradually increased along with 5-ALA supplement concentration. These results provide the first evidence that the use of dietary 0.001 and 0.01% 5-ALA supplementation induces the T-cell immune system via mild oxidative stress in chickens. Three hours after Escherichia coli lipopolysaccharideinduced immune stimulation, the levels of mRNA encoding pro-inflammatory cytokines, such as IL-6 and tumor necrosis factor-like ligand 1A (TL1A), in chickens fed a 0.001% 5-ALA-supplemented diet were significantly lower than those in chickens exposed to other treatments. The plasma caeruloplasmin concentration in chickens fed a 0.001% 5-ALA-supplemented diet was significantly lower than in controls or in chickens fed diets supplemented with other concentrations of 5-ALA 24 h after injection of LPS. In addition, BW at 21 and 50 d of age was significantly higher in chickens fed a 0.001% 5-ALA-supplemented diet than in control chickens. The findings suggest that supplementation of diets with 0.001% 5-ALA could prevent the catabolic changes induced by immunological stimulation. These results show that 5-ALA might be useful as an immunomodulator to stimulate T-cells via mild oxidative stress in growing broiler chickens, thereby improving the growth performance.
INTRODUCTION
Meat producters in the broiler industry are to decrease or stop the use of antibiotics that are used to prevent disease and thereby promote growth in poultry (Ferket, 2004 ). An alternative way to avoid the use of antibiotics is the control of the immune system and by minimizing immunological stress in chickens (Klasing, 1998) . We have previously shown that dietary supplementation with nutrients enhance immunological function in chickens Sato et al., 2009 ). These results suggest that immunomodulators could protect chickens from disease without decreasing growth performance by enhancing the immune system. As a result, it is important to identify new supplements that act as immunomodulators in chickens for efficient meat production without antibiotics.
5-Aminolevulinic acid (5-ALA), which is synthesized by condensing succinyl-CoA and glycine, is the precursor of heme (Zhu et al., 2002) . After several steps of intermediate reactions, 5-ALA is transformed to protoporphyrin IX, and then an iron atom is inserted into the porphyrin ring of protoporphyrin IX with the help of ferrochelatase and heme is finally formed. According to this reaction mechanism, a recent hypothesis suggests that dietary supplementation of ALA in livestock can affect the synthesis of heme and positively influence the iron or hemoglobin status of animals (Chen et al., 2008) . For example, dietary 5-ALA supplementation increases serum hemoglobin and iron concentrations in weanling pigs (Min et al., 2004) . In addition, it has been reported that the plasma tumor necrosis factor-α (TNF-α) concentration in weanling pigs supplemented with 10 ppm of 5-ALA in diets was significantly lower than that in control palettes at 2 or 4 h after Esch-erichia coli lipopolysaccharide (LPS) injections (Chen et al., 2008) . Hence, it is possible that dietary 5-ALA may affect inflammatory responses in chickens. Moreover, levels of thiobarbituric acid reactive substances (TBARS), a marker of lipid peroxidation, were increased in cells treated with a high concentration of 5-ALA (Gederaas et al., 2000) . It is well-known that reactive oxygen species have been implicated in nuclear factor (NF)-κB activation, which modulates immune systems (Gloire and Piette, 2009) . Therefore, we anticipated that 5-ALA dietary supplementation of chickens would modulate the immune system, resulting in mild oxidative stress and enhancement of immune responses, resulting in protection from diseases but with a decline in growth performance.
In the present study, we have investigated whether 5-ALA enhances the expression of T-cell-related mRNA [including cluster of differentiation 3 (CD3), interleukin (IL)-2, and interferon (IFN)-γ] in the spleen, as well as phagocytes of blood mononuclear cells (MNC), mitogen [concanavalin A (Con A) and phytohemagglutinin (PHA)]-induced proliferation of splenic MNC) and the growth performance of growing broiler chickens. In addition, the present study also examined the inflammatory response resulting from E. coli LPS-induced immune stimulation in chickens fed 5-ALA-supplemented diets. As inflammatory response parameters, plasma ceruloplasmin (Cer) and the mRNA expression levels of CD3, inducible NO synthase (iNOS) , and toll-like receptors (TLR) and TNF-like ligand 1A (TL1A) in the spleen were examined.
MATERIALS AND METHODS

Birds, Diet, Blood Sampling, and LPS
Unvaccinated 1-d-old male broiler chicks (Ross 308 strain) obtained from a local hatchery (Matsumoto Hatchability, Ibaraki, Japan) were used in all experiments. For experiments 1, 2, and 3, birds were housed in electrically heated battery brooders and fed on a corn-soybean meal-based diet (basal diet; 230 g of CP/ kg and 3,100 kcal of ME/kg; Murakami et al., 1995) ad libitum for 7 d. The 7-d-old chicks that were selected were as close in BW as possible to ensure BW uniformity, and these were individually reared in stainlesssteel wire cages (one bird in one cage) in a temperature (25°C) and light (23 h/d)-controlled room. For experiment 4, one hundred and twenty 1-d-old male broiler chicks (Ross 308 strain) were assigned to 12 floor pens (10 birds/pen). The 60 birds in 6 pens were fed a commercial starter diet (corn-soybean meal-based diet, d 0-21; 220 g of CP/kg and 3,060 kcal of ME/kg) and then a finisher diet (d 22-50; 180 g of CP/kg and 3,200 kcal of ME/kg) supplemented with 0.001% (10 ppm) 5-ALA (purity 97%, provided by Cosmo Oil Co., Tokyo, Japan; n = 6). The other 60 birds were fed the same diets without 5-ALA as the control group (n = 6). All experimental diets were formulated to contain essential nutrients that met or exceeded recommended levels (Agriculture, Forestry and Fisheries Research Council Secretariat, 2004) .
In experiment 1, the effect of graded supplementation of the basal diet with 5-ALA on the expression of T-cell-related mRNA in the spleen, and on plasma TBARS concentrations, was determined. Twenty-four chicks (7 d of age) in individual cages were divided into 4 groups of 6 chicks and each group was provided with one of 4 experimental diets for 10 d ad libitum. The experimental diets were prepared by simple supplementation of the basal diet with 5-ALA (provided by Cosmo Oil Co.) at 0 (control), 0.001, 0.01, or 0.1%. Diet and water were freely provided. At age 17 d, plasma samples were collected from the wing vein with a heparinised syringe, and the chickens were then killed by cervical dislocation and the spleen samples collected. Plasma samples were prepared by centrifugation at 1,500 × g for 15 min at 4°C. Spleen samples were snap frozen in liquid N 2 . The samples were stored at −80°C until analysis.
In experiment 2, to determine the levels of phagocytosis of blood MNC and of mitogen (Con A and PHA)-induced proliferation of splenic MNC in chickens fed 5-ALA-supplemented diets, 16 chicks (7 d of age) in individual cages were divided into 3 groups of 4 chicks and provided with basal diets supplemented with 5-ALA at 0 (control), 0.001, 0.01, or 0.1%. The feeding schedule and conditions were the same as for experiment 1. Following sample collection, MNC were prepared as described below.
The aim of experiment 3 was to determine the gene expression profiles and plasma Cer concentrations after LPS-induced immune stimulation in chickens fed 5-ALA-supplemented diets. Thirty-six chicks (7 d of age) in individual cages were divided into 3 groups of 12, and the chicks were provided with the basal diet supplemented with 0 (control), 0.001, or 0.01% 5-ALA. At age 17 d, the chickens were intraperitoneally injected with E. coli LPS (serotype 0127:B8) at 1.5 mg/kg of BW and dissolved in sterile saline at a concentration of 500 μg/mL. Zero, 12, and 24 h after injection of LPS, BW gain, feed intake, and rectal temperature were measured for 6 chickens in each dietary group. A blood sample was taken from the wing vein 24 h after LPS injection from 6 chickens in each dietary group, and plasma was stored at −80°C until further analysis. The other 6 chickens in each dietary group were killed by decapitation at 3 h after LPS injection and spleen samples were collected as in experiment 1. The sampling times were determined from our previous studies .
In experiment 4, to assess the effect of 5-ALA supplementation on the growth performance of broiler chickens, one hundred and twenty 1-d-old male broiler chicks (Ross 308 strain) were randomly assigned to 12 floor pens and fed diets with or without 0.001% (10 ppm) 5-ALA supplementation (10 birds in each pen, n = 6). At 50 d of age, the birds were killed, and growth per-formance, carcass composition, mRNA expression in spleen and plasma TBARS concentration were measured.
All of the procedures were approved by the Animal Care and Use Committee of the Tokyo University of Agriculture and Technology.
Quantitation of mRNA Using Real-Time PCR
Total RNA was extracted from chicken spleens using Trizol reagent (15596-018, Invitrogen, Carlsbad, CA). To study the expression of particular chick immune genes, real-time reverse-transcription (RT) PCR analysis was performed using an iCycler Real Time Detection System (Bio-Rad Laboratories, Hercules, CA). The reverse transcription, amplification, and detection methods used were as previously described Sato et al., 2009) . Primer sequences are shown in Table 1 . At the end of each run, melting curve profiles were recorded. Analysis of the standard curve from each product allowed calculation of the mRNA levels of the respective genes. Results are presented as the ratio of each gene to ribosomal protein S9 (RPS9), to correct for differences in the amounts of template DNA used.
Preparation of MNC Suspensions From Blood Samples and Spleens
The MNC were isolated from blood samples and spleens by density-gradient centrifugation. Collected spleens were pushed through mesh and suspended in RPMI-1640 medium (Invitrogen Corp.) supplemented with 100 U/mL of penicillin and 100 μg/mL of streptomycin (Invitrogen Corp.). The MNC suspensions from blood and spleens were gently added to Histopaque-1077 tubes (Sigma, St. Louis, MO). Centrifugation was performed at 400 × g for 50 min at 15°C. The boundary layers between the medium with blood or spleen cells and Histopaque-1077 were collected as MNC, and the resulting MNC were washed 3 times with RPMI-1640 medium.
Determination of Splenic MNC Proliferation
The isolated splenic MNC were suspended in RPMI-1640 containing 10% fetal bovine serum. Aliquots of 100 μL of cells per well, at a concentration of 2.5 × 10 6 cells/mL, were added to flat-bottom 96-well culture plates and incubated at 39°C in a humidified 5% CO 2 atmosphere. T cell proliferation was induced by Con A (40 μg/mL) or PHA (20 μg/mL) stimulation for 48 h (Takahashi et al., 2010) . Cell proliferation was measured using a Cell Counting Kit-8 (Dojindo, Osaka, Japan) according to the manufacturer's guidelines. Results were expressed as an arbitrary unit on the basis of absorbance values (A450 nm-A655 nm of cells cultured with Con A/A450 nm-A655 nm of cells cultured without Con A) of the MNC.
Analysis of Blood MNC Phagocytosis
The isolated blood MNC were diluted with Hank's balanced salt solution with 20 mM HEPES (pH 7.4) to a concentration of 2.5 × 10 6 cells/mL and preincubated at 37°C for 2 min. Then, the cells were incubated with luminol-bound microbeads (catalog no. KTS405; Kamakura Techno-Science Inc., Kanagawa, Japan). Chemiluminescence from cells that ingested the beads was measured on a TD-20/20 luminometer (Promega, Fitchburg, WI) for 15 s every 1 min, up to 15 min. These data indicate the rate of phagocytosis in the cells.
Measurement of Plasma Cer and TBARS Concentrations
Plasma Cer concentration was determined by the procedure of Sunderman and Nomoto (1970) with slight modifications as described in one of our previous studies . The TBARS content was analyzed using a commercially available TBARS assay kit (Cayman Chemical, Ann Arbor, MI) according to the method of Aoki et al. (2008) .
Statistical Analysis
The SPSS applications software package was used for statistical calculations (PASW Statistics 18.0, IBM, New York, NY). In experiments 1, 2, and 3, the group data for multiple comparisons were analyzed by ANO-VA using a GLM procedure followed by Tukey-Kramer's test. In experiment 4, 6 replications (the average of one pen per replication) in each treatment were used for statistical analysis, and the significance was determined using the Student's t-test with 2-tailed P-values (n = 6). Results are expressed as mean ± standard deviation. Statistical significance was interpreted as values of P < 0.05.
RESULTS
Effect of 5-ALA-Supplemented Diets on Immune Parameters (Experiments 1 and 2)
Body weight gain, feed intake, and spleen weight did not differ significantly in response to the 5-ALA dietary supplementation, although the BW gains and feed intakes of the chickens fed the 0.001% (10 ppm) 5-ALAsupplemented diet were slightly higher than those for control chickens (P = 0.08 in experiment 1 and P = 0.07 in experiment 2; data not shown). The level of CD3 mRNA in the spleens of chickens fed a 5-ALAsupplemented diet was found to be significantly higher than that in control chickens, and the expression levels increased with dietary 5-ALA concentrations in a dose-dependent manner ( Figure 1A ). In contrast, the levels of IL-2 gradually decreased as dietary 5-ALA supplementation increased: IL-2 levels in chickens fed a 0.1% 5-ALA-supplemented diet were significantly lower than those in the control and the 0.001% 5-ALA groups ( Figure 1B) . The IFN-γ mRNA expression was not affected by 5-ALA supplementation ( Figure 1C ). The mitogen (Con A and PHA)-induced proliferation of splenic MNC in chickens fed 0.001 and 0.01% 5-ALAsupplemented diets was significantly higher than in chickens fed a basal diet (the control), whereas there was no significant difference between the mitogen-induced response of splenic MNC from chickens fed a diet supplemented with 0.1% 5-ALA and control chickens ( Figure 2A ). Plasma TBARS concentrations gradually increased with 5-ALA concentration ( Figure 2B ). The rates of phagocytosis in blood MNC from chickens fed 5-ALA-supplemented diets were significantly higher than those in chickens fed the control diet ( Figure 2C ).
Effect of 5-ALA Dietary Supplementation on Inflammatory Responses of Chickens During LPS-Induced Immune Stimulation (Experiment 3)
Body weight gain, feed intake, and rectal temperature did not differ between the treatment groups among 24 h after the LPS injections (data not shown). Figure 3 shows the expression of CD3, iNOS, TLR, and TL1A in the spleen of male broiler chickens fed 5-ALA-supplemented diets, 3 h after LPS injection. The expression of iNOS, , and TL1A mRNA in chickens fed the 0.001% 5-ALA-supplemented diet significantly decreased 3 h after LPS injection compared with the control group, whereas those mRNA expressions in chickens fed the 0.01% 5-ALAsupplemented diet did not differ. The levels of CD3, IL-2, TLR2, TLR4, and TLR7 mRNA in the spleen of chickens during LPS stimulation were not changed by supplementation with 5-ALA (Figure 3) . Plasma Cer concentration in chickens fed the 0.001% 5-ALA-supplemented diet was significantly lower than in control or the other 5-ALA-supplement groups 24 h after injection of LPS (Figure 4 ).
Growth Performance of Chickens Fed a 5-ALA-Supplemented Diet (Experiment 4)
Body weight was significantly higher in chickens fed the 5-ALA-supplemented diet than in control chickens (Table 2) . Feed efficiency and carcass composition were not significantly different between control chickens and chickens fed the 5-ALA-supplemented diets (Table 2) . A significant increase of CD3 mRNA expression was found in the spleen of male broiler chickens fed 5-ALAsupplemented diets as similar to experiment 1 (data not shown). In chickens fed a 5-ALA-supplemented diet, plasma TBARS concentrations were significantly higher than those in control chickens (Table 2) .
DISCUSSION
We have previously reported that dietary supplementation with nutrients enhances immunological function in chickens (Takahashi et al., 1999 (Takahashi et al., , 2000 and immunobiotic lactic acid bacteria; that is, Lactobacillus jensenii TL2937 and L. gasseri TL2919 are appropriate immunomodulators to stimulate the gut-associated immune system in chicks (Sato et al., 2009) . These studies demonstrated upregulations of immune-related gene expression, that is, T-cell related gene (CD3, IL-2, and IFN-γ) in spleens or foreguts, concluding the immunomodulator. Moreover, the mitogen-induced MNC proliferation in spleen is useful for estimating the effect of nutritional status and nutrients on the immune system of chickens (Takahashi et al., 1999 (Takahashi et al., , 2000 . Here, we provide evidence that supplementation of the diets of chickens with 5-ALA, especially at a concentration of 0.001% (10 ppm), enhances the expression of CD3 mRNA in the spleen and enhances mitogen (Con A and PHA)-induced proliferation of splenic MNC (Figures 1A and 2) . These results clearly show that 5-ALA stimulates the T-cell immune system in the spleen and that dietary supplementation with 5-ALA modulates the immune system, particularly targeting cellular immunity.
Stimulation of selected cells related to the immune system by immune stimulants triggers systemic metabolic changes, including fever, anorexia, and skeletal muscle protein deposition, and affects growth performance. The TNF-α cytokine is a major proinflammatory cytokine and regulates host responses to infection, immune responses, inflammation, and trauma (Dinarello, 2000) . However, we reported that TL1A plays an important role as a proinflammatory cytokine instead of TNF-α in chickens . In the present study, we have investigated inflammatory responses, including the expression of TL1A mRNA, in chickens fed 5-ALA-supplemented diets during LPS-induced immune stimulation, because colibacillosis is a serious problem in poultry production (Oh et al., 2011) . The expression of iNOS, , and TL1A mRNA in the chickens fed the 0.001% 5-ALAsupplemented diet significantly decreased 3 h after LPS injection, compared with the control chickens ( Figure  3 ). In addition, the plasma Cer concentration in the chickens fed the 0.001% 5-ALA-supplemented diet was significantly lower than in the control chickens ( Figure  4) . These results suggest that the immune systems of chickens fed a 5-ALA-supplemented diet rapidly return to normal levels at 3 or 24 h after LPS injection relative to the control group. We have previously reported that dietary glycine supplementation modulates the inflammatory response, lowering expression levels of splenic proinflammatory cytokines, such as TL1A, , and IFN-γ and low plasma Cer concentration, during immune stimulation by LPS injection, with the result that chickens fed a glycine-supplemented diet exhibited greater rates of growth than control chickens . Then, low expression levels of proinflammatory cytokine and low plasma Cer concentrations during immune stimulation by LPS injection provide the improvement of immune status in chickens. It is therefore likely that supplementation of poultry diets with 5-ALA may prevent the catabolic changes induced by immunological stimulation under the LPS trials.
In the present study, the growth performance of the chickens fed the 0.001% 5-ALA-supplemented diet was investigated. In pigs, growth performance was not affected (P > 0.05) by 5-ALA dietary supplementation (10 mg/kg) during the 5-wk nursery period (Mateo et al., 2006) . In addition, the BW gain and feed efficiency in chickens supplemented with 1% Gly were not different compared to those in control chickens . In contrast, the present study in broiler chickens shows that dietary supplementation with 0.001% 5-ALA improves broiler production, that is, BW at 50 d of age (Table 2 ). In addition, CD3 mRNA levels in chickens fed a diet supplemented with 0.001% 5-ALA was higher than that in the control. Therefore it may be inferred that supplementation with 0.001% 5-ALA enhances the immune system and prevents the catabolic changes induced by immunological stimulation, resulting in increased growth performance at 50 d of age.
To provide evidence of a possible mechanism underlying the immunomodulation associated with 5-ALA supplementation, the plasma TBARS level, a marker of lipid peroxidation, was examined in the present study. Reactive oxygen species have been implicated in the regulation of the immune response through NF-κB activation (Gloire and Piette, 2009) . Therefore, one might expect that dietary supplementation with 5-ALA provides mild oxidative stress and enhances the expression of regulatory factors involved in the immune response, resulting in protection from disease and accompanied by a reduction in growth performance. Our present results provide evidence that dietary 5-ALA supplementation increases the plasma TBARS concentration and the expression levels of splenic CD3 mRNA in a Figure 3 . The effects of dietary 5-aminolevulinic acid (5-ALA) supplementation on mRNA expression of substances related to the inflammatory response in the spleen of broiler chickens following an intraperitoneal injection of lipopolysaccharide. CD3, cluster of differentiation 3; IL, interleukin; IFN, interferon, iNOS, inducible nitric oxidase; TLR, toll-like receptor; TL, tumor necrosis factor-like ligand. The expression of each gene was determined by real-time reverse-transcription PCR (iCycler iQ Real Time Detection System, Bio-Rad Laboratories, Hercules, CA), as described in the Materials and Methods, and was expressed as a ratio to ribosomal protein S9 (RPS9) levels. Bars indicate the SD of the mean (n = 6). Data were analyzed by ANOVA using a GLM procedure followed by Tukey's test. a,b Different letters indicate significant differences, P < 0.05. dose-dependent manner ( Figure 1A and Figure 2C ). This implies that dietary 5-ALA supplementation induces oxidative stress and enhances the T-cell system in chickens. However, mitogen-induced proliferation of splenic MNC and phagocytosis in blood MNC in the chickens fed the 0.001 and 0.01% 5-ALA-supplemented diets were significantly greater than in the chickens fed the control or 0.1% 5-ALA-supplemented diets. In addition, the expression levels of proinflammatory cytokines were modulated only in the chickens fed the 0.001% 5-ALA-supplemented diet during LPS stimulation. A clear explanation as to why 5-ALA over 0.01% concentrations did not act as an immunomodulator during LPS-induced immune stimulation was not found in the present study. However, to induce an immune response sufficient to protect the immunological stress under the LPS injection, 0.001% 5-ALA supplementation may be an appropriate concentration with induction of mild oxidative stress and improvement of immune stress.
In conclusion, the 5-ALA dietary supplementation used in this study, particularly at the concentration of 0.001%, enhanced immune system function, possibly via induction of mild oxidative stress, and improved the growth performance in broiler chickens.
